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Models for mass transfer to droplets based on film theory with 
first order chemical reaction are proposed and compared with experi-
mental data. The experimental extraction data is available from the 
work by Andoe (1968). The physical system used was benzene as a 
continuous phase and water as a dispersed phase with 2-chloro-2-
methyl propane the solute diffusing into and reacting in the droplet. 
This system had a high interfacial tension (31.0 dynes/em) and 
droplet Reynolds numbers ranging from 600 to 1345. 
The predicted results of this work are in the form of the 
dimensionless total mass transferred to the droplet vs dimensionless 
contact time. These predictions are compared with the dimensionless 
experimental data presented by Andoe with corrections for end effects. 
The non-oscillating drop model developed here deviated from the 
experimental data by an Average Absolute Percent Deviation (AAPD) of 
about 78.6%. The cause of this wide deviation is suspected to be 
related to the use in this model of the Skelland and Wellek (1964) . 
Sherwood number correlation, which was developed from low interfacial 
tension systems (a < 5 dynes/em). Future work will be necessary to 
reduce this large deviation. 
The oscillating drop model compared more favorably with 
experimental data, the AAPD being about 14 .4%. The Sherwood number 
correlation for mass transfer without reaction which was used in 
the developed model, was previously found to be applicable to both 
low and high interfacial tension systems by Brunson and Well ek (1970). 
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I. INTRODUCTION 
~·1ass transfer between two phase systems, where one exists as 
di.screte drops· .. is a common occurrence in many industrial processes. 
A few examples are gas-liquid contacting, distillation, and 
,,~quid-liquid extraction. rn many appltcations, mass transfer is 
accompanied by a simultaneous chemical reaction that, in many cases, 
desirably enhances the rate of transfer. A few examples cif industrial 
equipment applications are spray towers, perforated plate towers and 
rotating disk contactors. 
The results of studies on mass transfer rates between two phase 
systems is summarized by Skelland and Cornish (1965) for non-reacting 
systems where they present a procedure for theoretical industrial 
design calculation of a perforated plate column. By calculating the 
individual mass transfer coefficients for the drop stages of formation, 
free rise (or fall), and coalescence, the procedure theoretically 
determines plate efficiencies. Before this time, plate efficiencies 
were determined by costly pilot plant experimentation which often were 
inaccurate after scale up. (See the literature survey, Section II, of 
this work for details of the calculation procedure.) 
It is the purpose of this work to extend a model developed by 
Brunson ( 1973} that predicts th.e rate of si.mul taneous mass transfer 
with chemical reacti.on dudng the free rise (or fall) zone of a fluid 
sphere. Brunson centered his efforts on testing the model for a 
second order chemical reaction system. 
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This work will test the model with modifications for a first 
order chemical reaction system. Data for the first order system are 
available from Andoe (1968). His experimental system consisted of a 
solute (4.0N 2-chloro-2-methylpropane) in a continuous phase (benzene) 
and diffusing into a falling dispersed phase (water). The solute 
reacts with the water according to the irreversible first order 
reaction: 
at a system temperature of 26°C. 
The background literature survey for this work is given in 
Section II. Section III describes the development of the model as 
it applies to a first order chemical reaction system. The results 
of the treatment of Andoe's data are presented in Section IV. 
Conclusions with recommendations are stated in Section V. 
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II. LITERATURE SURVEY 
In recent years increased attention has been given to the field 
of bubble and drop phenomena. Gal-Or et ~- (1969) present an in 
depth literature review into this field with specific subsections. 
Heertjes and de Nie in a publication edited by Hanson (1971) devote 
an entire chapter with numerous literature references to the more 
recent advances in droplet mass transfer. 
Application of the combined results of droplet mass transfer 
studies is best summarized by the procedure presented by Skelland 
and Cornish (1965). The procedure uses rate equations for mass 
transfer during droplet formation (Zone I), free rise (Zone II), 
and coalescence (Zone III), on each plate to locate a psuedo-
equilibrium curve for the purposes of stepping off the desired 
number of stages between the psuedo-equilibrium and operating 
curve either on a x-y diagram or by numerical computation. 
Briefly, the rates of mass transfer during the three zones of 
a droplet life time, formation and free rise on a specific plate and 
coalescence on the above, adjacent plate, are calculated from the 
summation of the rate equations for each of the zones: 
(2.1) 
This summation rate equation can be equated to the material balance 
on a specific plate and the next plate above by the assumption of 
equimolal countertransfer of solute between phases, 
(2.2) 
where: 
from which the psuedo-equilibrium curve can be constructed for 
stagewise design. 
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The key to use of this procedure lies in being able to predict 
the mass transfer coefficients reliably. Skelland and Cornish 
recommend that during formation of the drop at a nozzle in (Zone I), 
the individual mass transfer coefficient for transfer in the dispersed 
phase be: 
(2. 3) 
and for transfer in the continuous phase: 
( 2. 4) 
Then the overall coefficient (Kdf) can be calculated by: 
( 2. 5) 
Since study of mass transfer during droplet coalescence (Zone III) 
at the end of free rise has received only slight attention, they 
recommend the following assumption: 
( 2. 6) 
This was because at the time of the paper 1 S publication only kdc 
could be estimated from literature correlations. 
During the free rise of a drop (Zone II), Skelland and Cornish 
define the overall coefficient (Kdr)' using the two-film theory as 
before, to be: 
1 = 
Kdr 
1 + m 
kdr kcr 
( 2. 7) 
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Of the possible correlations available for droplet mass transfer 
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(2.9) 
Values for dispersed phase droplet mass transfer coefficients can be 
calculated by the Skelland and Wellek (1964) correlations: 
Non-oscillating drop: 
[ -0.34 N-0.12 N0.37] T Sc We (2.10) 
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Oscillating drop: 
= 0.32 D~p~ [ T-0.14 N0.68 NO.lO] 
e Re p (2.11) 
(The reader is referred to Skelland and Cornish for complete 
calculation details as to how individual droplet mass transfer 
coefficients can be used to estimated column heights (or stages) for 
commercial size columns.) 
A. Fluid Mechanics 
The rise or free fall of droplets (Zone II) within a contactor 
is the primary concern of this work. With the droplet at its 
terminal velocity, the viscous shear on the surface of the fluid 
sphere causes the fluid inside the sphere to circulate. Depending 
on the surface shear, droplets are classified as either stagnant, 
laminar circulating, or turbulent circulating (or oscillating). 
The stagnant drop is characterized by no circulation within its 
volume because of balancing forces on its interface with the 
continuous phase (Andoe 1968). If the tangential component of 
force acting at the droplet surface is dominant, a vortex-like 
flow pattern is created within the droplet characterizing the 
circulating types. Brunson and Wellek (1970) state that for droplet 
Reynolds numbers above 200, the transition from laminar to turbulent 
circulation may occur, causing deviation from the spherical shape of 
the droplet. This deviation is unstable causing oscillation about a 
psuedo ellipsoidal equilibrium shape (Treybal, 1963) from which the 
classification oscillating drop comes. 
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B. Mass Transfer Without Chemical Reaction 
The extensive reviews in the field of mass transfer to drops by 
Heertjes et al. (1971) and Gal-Or et al. (1969} are worthy of note. 
Also early reviews are cited by Johnson and Hamielic (1960) and 
Johns, Beckmann, and Ellis ( 1965). 
Earlier work by Whitman (1923) visualized the mass transfer 
process as molecular diffusion across a stagnant film of empirically 
determined thickness, theorizing the model known as the film theory. 
The film assumes a steady state concentration profile. Later work 
by Higbie (1935) theorized the model now known as the penetration 
theory. It assumes the film to be of infinite extent and allows 
for unsteady state concentration profiles. 
The first solution to the different classes of drops was that 
of Newman (1931) for the stagnant drop. Kronig and Brink (1950) 
proposed a prediction for mass transfer in a type of circulating 
fluid sphere. A model for droplet Reynolds numbers of about 1000 was 
proposed by Handlos and Baron (1957). 
More recently Skelland and Wellek (1964) correlated data for low 
interfacial tension systems (2-5 dynes/em), for both laminar-
circulating (non-oscillating) drops and for oscillating drops . Their 
work concluded with two models for the oscillating drop. Brunson and 
Wellek (1970) in a review of theoretical and empirical correlations 
of mass transfer to oscillating droplets, found one of these to hold 
also for higher interfacial tension systems (about 21 dynes/em). 
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C. Mass Transfer with First Order Chemical Reaction 
Each of the models presented in Section B for mass transfer have 
been extended to account for simultaneous chemical reaction. Hatta 
(1932) first solved the film theory correlation to include effects 
of a first order reaction. Danckwerts (1950) extended the penetration 
theory to include a simultaneous first order chemical reaction by an 
adaptation of a related heat transfer solution. He applied this 
solution to the Newman (1931) stagnant sphere and the Kronig and 
Brink (1950) fully circulating sphere model. Andoe (1968) presented 
a model to cover the theory between the stagnant drop and the fully 
circulating drop for low Reynolds numbers. Wellek, Brunson, and 
Andoe (1970) further proposed a special adaptation of the penetration 
theory to the oscillating fluid sphere with simultaneous first order 
chemical reaction. 
D. Mass Transfer with Second Order Chemical Reaction 
Much of the theory for models of mass transfer with simultaneous 
second order chemical reaction before Brunson (1973) had not been 
assembled into c·omplete formulations. Brunson presents within the 
literature survey of his work the theory used to derive the model 
presented in that work for mass transfer with second order chemical 
reaction in laminar circulating and oscillating drops . In addition, 
i n an earlier paper Brunson and Wellek (1971) present a solution for 
mass transfer and second order reaction in spherical drops at low 
Reynolds numbers . 
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III. MATHEMATICAL MODEL 
In this section the mathematical model of Brunson (1973) is 
presented with applicable modifications for use with the first order 
chemical reaction data of Andoe (1968). The physical system is 
first described, stating the particular physical-chemical transport 
phenomena and a brief description of the experimental system used by 
Andoe . This is followed by the dimensionless groups related to the 
model and the model itself in its sequential calculation order. 
A. System and Assumptions 
The purpose of this model is to describe the solute transport 
phenomena to a rising bubble or a falling drop in a continuous 
liquid medium. The transfer of the solute is affected by a combination 
of hydrodynamics, diffusional transport, interfacial behavior, and 
chemical reaction kinetics. 
The effects of heat transfer have been considered negligible. 
This assumes the heat effects of solute transfer across the interface 
and the heat of reaction are negligible. The velocity profile within 
the droplet system is dependent upon the droplet shape and size and 
the properties of density and viscosity. Also the following 
assumptions are made further describing the system: 
The drop shape is spherical. 
The continuous phase is infinitely large. 
The velocity field is independent of time. 
Concentration changes in the dispersed phase do not 
appreciably affect the fluid properties. 
The mass transfer with chemical reaction is restricted by the 
following: 
The solute being transferred into the droplet reacts 
irreversibly with a solute in the dispersed phase. 
The reaction may be described by first order or pseudo 
first order reaction kinetics. 
The solute concentration on the dispersed phase side of 
the interface is known and is constant with time. 
B. Experimental System of Andoe 
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To further clarify the application of the mathematical model 
formulated here to the experimental data of Andoe (1968), the 
experimental system used in obtaining the data will be briefly 
described. Five glass extraction columns with the same inside 
diameter of 7.5 centimeters were used. The effective heights of 
these columns were 5, 45, 75, 105, and 180 centimeters. Drops were 
formed from a stopcock device at the top of the column at a frequency 
of 0.75 per second. The droplets fell in a single stream through a 
continuous phase to the bottom where they were allowed to coalesce. 
The coalesced phase was withdrawn from the column at a constant 
rate . The reaction was then allowed to go to completion before 
measurement of total mass transferred. The continuous phase (benzene) 
contained a solute (4.0N 2-chloro-2-methylpropane) which diffused 
into the dispersed phase (water) . The reaction shown below 
proceeded i rrevers i b 1 y: 
kf 
(CH3)3CC1 + H20 + 
11 
The rate was first order in 2-chloro-2-methyl propane concentration 
with a first order rate constant, kf equal to 3.32 x 10-2 sec-1 at 
26°C. For further details, the reader is referred to the original 
work (Andoe, 1968). 
C. Dimensionless Groups 
The dimensionless groups used in the model and developed in 
this study are: 
Dimensionless contact time, 
Concentration ratio, 
Diffusivity ratio, 
Dimensionless reaction number, 
k a2 f 
kR =~ 
( 3 .1) 
(3.2) 
( 3. 3) 
(3.4) 
Dimensionless concentration of mass transferred without 
reaction, 
( 3. 5) 
D. Calculation Model 
The model developed by Brunson to describe mass transfer with 
second order reaction to a droplet was of the implicit nature. 
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However, for first order kinetics this model reduces to an explicit 
calculation procedure. 
Using the fundamental droplet data observed from previous 
experimentation (contact time, droplet radius, and terminal velocity 
and the fluid properties of density, viscosity, surface tension, 
diffusivity of solute in the dispersed phase, and the first order 
reaction constant), the calculation proceeds as follows: 
1. Time Averaged Sherwood Number (NSh) - With the above 
mentioned data and physical-chemical constants, the time averaged 
Sherwood number may be calculated by the empirical correlations of 
Skelland and Wellek (1964) for the circulating (non-oscillating) 
drop: 
NSh = 31 4 -0.34 N -0.12 N 0.37 · • Sc We (3.6) 
Skelland and Wellek also proposed two empirical correlations for the 
oscillating drop (based on low interfacial tension systems), one of 
which Brunson and Wellek (1970) found to be more accurate for both low 
and high interfacial tension systems: 
(3.7) 
2 . Dimensionless Concentration Without Reaction (A0 ) The 
average dimensionless concentration without reaction can be derived 
from a differential mass balance on the solute diffusing into the 
droplet (see Appendix A for derivation). 
3 - ) A0 = 1 - exp (- 2 NSh • (3.8) 
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3. Dimensionless Flux ('N) 
0 
Brunson describes the dimension-
less flux of the solute in the absence of reaction as: 
(3.9) 
4. Enhancement Factor (~) The enhancement factor predicts 
the extra amount of mass transfer that occurs as a result of the 
simultaneous chemical reaction. Brunson used an implicit expression 
derived by Van Krevelen and Hoftijzer (1948) and modified by 
Peaceman (1951) to calculate the enhancement factor: 
~ = Y /Tanh Y 
where: 
y = 
( 3.1 0) 
However, for a first order or psuedo first order reaction the value 




5. Dimensionless Concentration with Reaction (~t) The 
concentration of total solute transferred can now be calculated as: 
(3.12) 
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This predicted value of concentration (~t) can be compared with the 
experimental data of Andoe that has been corrected for end effects in 
the dimensionless form. The correction is necessary since the 
correlation of Skelland and Wellek for the Sherwood number pertain 
to the free fall Zone (II) of droplet mass transfer . 
IV. RESULTS AND DISCUSSION 
The results of the model calculations using the experimental 
data and physical-chemical constants of Andoe (see Appendix D), 
15 
are represented graphically in Figures 1 through 4. The figures are 
plots of dimensionless concentration vs dimensionless contact time 
for each drop size. The data of Andoe for dimensionless concentration 
with end effects corrected, are plotted with a least square fit 
(marked by EXP). The results of this work are also plotted (marked 
by S.W.). 
The results are also presented quantitatively in Tables I 
through IV. They compare the experimental values found by Andoe 
to the model calculation values for each fall time, followed by the 
average absolute percent deviation (AAPD) between these two values 
for the drop size data set. Tables I and II show that the oscillating 
drop model predicted the mass transferred with an AAPD about 14.4%. 
This agreement is extremely good for liquid-liquid extraction work. 
On the other hand it may be seen from Tables III and IV that the 
non-oscillating drop model did not predict the experimental data well . 
The average absolute percent deviation between the experimental and 
the model values was about 78.6%. 
The primary weakness in the non-oscillating drop model centers 
on the possible non-applicability of the correlation for the mass 
transfer coefficient without chemical reaction (Eq . 3.6) at higher 
interfacial tensions, such as the system used experimentally by Andoe. 
The Sherwood number correlations, (Eq. 3.6) and (Eq. 3.7), for 
16 
non-oscillating and oscillating drops respectively, were formulated 
from low interfacial tension systems (2 to 5 dynes/em) by Skelland 
and Wellek. The oscillating drop Sherwood number correlation 
(Eq. 3.7) was compared with experimental data by Brunson and Wellek 
(1970) for higher interfacial tension systems (about 21 dynes/em) and 
found to be reliable with AAPD•s of 15.7%. However, a confirmation 
of the accuracy of the non-oscillating drop correlation (Eq. 3.6) 
for high interfacial tension systems was not found in the literature 
survey in this work. 
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FIG. 1 COMPARISON OF MODEL WITH EXPERIMENTAL DATA FOR TOTAL DIMENSIONLESS 
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FIG.2 COMPARISON OF MODEL WITH EXPERIMENTAL DATA FOR TOTAL DIMENSIONLESS 
MASS TRANSFERRED, Amt 
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FIG.4 COMPARISON OF MODEL WITH EXPERIMENTAL DATA FOR TOTAL DIMENSIONLESS 










de = 0.59 em 
a = 0.295 em 
TABLE I 
































AAPD* = 14.80% 
vt = 13.57 em/sec 
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de = 0.46 em 
a = 0.23 em 
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TABLE II 
MODEL SOLUTE TRANSPORT DATA (d =0.46 em) e 
-lsc Column T Amt cmt Height 
3 X 10 em 
0 0 0 
0.045 0.125846 0.168 5 
0.503 0.658579 0.570 45 
0.860 0.818599 0.743 75 
1 . 241 0.904197 0.891 105 
2.196 0.980724 1. 201 180 
Type: Oscillating 
AAPD = 14. 12% 
vt = 13.19 em/sec 
23 
TABLE I II 
MODEL SOLUTE TRANSPORT DATA (de=0.36 em) 
Amt 
-lsc Column t T cmt Height 
sec X 103 em 
0 0 0 0 
0.27 0.079 0.044478 0.279 5 
3.19 0.935 0.208413 0.955 45 
5.30 1.554 0.279860 1. 230 75 
7. 54 2. 211 0.340710 1. 467 105 
14.05 4.120 0.472885 2.003 180 
de = 0.36 em Type: Non-osci 11 ating 
a = 0.18 em AAPD = 78.52% 
vt = 11.56 em/sec 
24 
TABLE IV 
MODEL SOLUTE TRANSPORT DATA (de=0.33 em) 




sec X 103 em 
0 0 0 0 
0.29 0.101 0.048334 0.30 5 
3.22 1.124 0.216875 1.00 45 
5.69 1.985 0.301097 1.34 75 
8.10 2.826 0.365802 1.60 105 
14.78 5.157 0.500029 2.16 180 
de = 0.33 em Type: Non-oscillating 
a = 0.165 em AAPD = 78.74% 
vt = 10.88 em/sec 
V. CONCLUSIONS AND RECOMMENDATIONS 
The objective of this work was to test a model for mass 
transfer to a drop with simultaneous chemical reaction for the 
first order system used in the experimental study of Andoe ·(1968). 
The results from Section IV indicate that the model for the 
osci 11 ating drop predicts extremely well the -mass transferred with 
chemical reaction (AAPD = 14.4%). On the other hand, the non-
asci 11 ati ng model does not gi-ve as good a prediction as expe.cted 
(AAPD = 78.6%) . 
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As indicated in the discussion of Section IV, the primary cause 
for the non-oscillating model result is suspected to be the 
questioned accuracy ~f the Skelland and Wellek, Sherwood number 
correlation for non-reaction system when applied to the high 
interfacial tension system used by Andoe. It is a concluding 
· recommendation of this work, that a review be made for higher 
tension systems, on the order of the study made by Brunson and 
We11ek (1970), to further evaluate the non-oscillating drop Sherwood 
number correfation. The results of such a study may formulate a new 
correlation or find an existing correlation more applicable to 
non-oscillating drop mass transfer for higher interfacial tension 
systems . 
Another approach to reconcile the validity of the non-oscillating 
drop Sherwood number correlation is to obtain other data either from 
the literature or experimentally for a f i rst order system but with 
low interfacial tension . These data could then be compared and 
evaluated with the proposed non-oscillating model of this work. 
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APPENDIX A 
DETAILED DIFFERENTIAL MASS BALANCE SOLUTION FOR DIMENSIONLESS 
CONCENTRATION WITHOUT REACTION Of SOLUTE DIFFUSING INTO THE DROPLET 
The followtng is tne derivation by differential mass balance of 
diffusion into the droplet. The mass balance for the system just 
surrounding the volume of the droplet is: 
(Mass}end - (Mass)beginning 
= (Mass)in - (Mass)out 




(Mass)out = 0 
assuming a constant volume system. 
Substituting into the balance (A.l.l) : 
Vd(Cae - Cab} = kd Ad (Cas - Ca)~t 
grouping and dividing by ~t: 
AtCa ) 
Vd ~ = kd Ad (Cas - Ca 
(A. l. l) 
(A . l. 2) 
(A.l.3) 
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taking the limit as t ~ 0: 
(A.1.4) 
Assuming that the droplet is spherical (in cases of oscillating 
droplets, using the equivalent diameter): 
substituting into (A.l.4): 
or with rearrangement and division: 
= dt (A.l.5) 
Using the definition of dimensionless concentration without reaction: 
differentially: 





0 3 kd = --dt 
a 
where the following boundary conditions apply: 
t = 0 A = o 
0 
Substituting the boundary conditions and integrating: 
rearranging: 
Substituting 
-ln (1 -A) 
0 
3 kd t 
= ---=---a 
(a) the time averaged Sherwood number: 
(b) and the dimensionless time: 
32 
(A.1.6) 
(A. 1. 7) 
The dimensionless concentration of solute entering the droplet is: 
1 - exp - 2 NSh [ 
3 - (A.1.8) 
33 
APPENDIX B 
COMPUTER PROGRAM OF MODEL 
The model presented in Section III was solved on an IBM 360. The 
following is the FORTRAN language program used. The introduction to 
the program defines the variables. After reading in the experimental 
data~ physical constants, and droplet measurements, it proceeds with 
the model calculation for either a non-oscillating drop or an 
oscillating drop. The drop type model calculation used by a data set 
is decided by coding the set in the data deck with a (-1) or (+1) for 
a non-oscillating or oscillating data set, respectively. Then after 
read-in of the set, the code chooses the appropriate model calculation 
procedure. With the calculation of each data point, the average 
absolute percent deviation (AAPD) in comparison to the experimental 
point is calculated, summed, and stored. 
Upon completion of the calculation of all data sets, the program 
prints the results. The results are divided into droplet dizes, 
listing the dimensionless time, experimental value of dimensionless 
concentration, and the theore.tical model value of dimensionless 
concentration for each column height. And finally, the AAPD 
comparison is printed at the end of the set. 
~ 
Since the droplet diameter of 0.46 em. was observed by Andoe to 
be "partially" oscillating, the data was run through both models to 
see which it fit better. 
The calculation time savings gained by use of this program is 
noteworthy. Because of the complicated structure (see Appendix E) of 
the models, it took approximately 15 minutes to complete the 
calculation by hand for one data point. The computer, however, 
completed the calculation of 25 data points plus the determination 





































CN145332,TIME=Ol,PAGES=Ol0 SMITH A W 73.093 
LIMITS=(T=l ,P=lO,C=l) 
CLASS=W,PRIORITY=04,REGION=(OlOOK,OOOOK),READER=READER2 
DEFINITION OF PROGRAM VARIABLES 
N = NOZZLE NUMBER 
XMUD = VISCOSITY OF DISPERSED PHASE (POISE,GMICM-SEC) 
XMUC = VISCOSITY OF CONTINUOUS PHASE (POISE,GMICM-SEC) 
RHOD = DENSITY OF DISPERSED PHASE (GMICC) 
RHOC = DENSITY OF CONTINUOUS PHASE (GMICC) 
FK = REACTION CONSTANT (1/SEC) 
DE = EQUIVALENT DROPLET DIAMETER (CM) 
A = DROPLET RADIUS (CM) 
VT = TERMINAL VELOCITY (CM/SEC) 
SIGMA = SURFACE TENSION 
T = CONTACT TIME (SEC) 
TAU = DIMENSIONLESS FALL TIME 
WEBER = WEBER NUMBER 
HT = HEIGHT OF COLUMN USED (CM) 
DA = DIFFUSION COEFFICIENT (SQ CM/SEC) 
PG = P-GROUP 
REN = REYNOLDS NUMBER 
SCHMT = SCHMIDT NUMBER 
SHRWD = SHERWOOD NUMBER 
AO = DIMENSIONLESS CONCENTRATION WITHOUT REACTION 
FLUX = DIMENSIONLESS FLUX WITHOUT REACTION 
TERM = SIMPLICIATION CALCULATION VARIABLE TO SIMPLIFY 
ENHANCEMENT FACTOR CALCULATION 
ENF = ENHANCEMENT FACTOR 
CMT = DIMENSIONLESS CONCENTRATION WITH REACTION (EXP) 
AMT = DIMENSIONLESS CONCENTRATION WITH REACTION (MODEL) 







































READ (1 ,100) XMUD,RHOD,XMUC,RHOC,SIGMA,FK,DA 
DO 5 !=1,5 
READ (1,101) N,K,Z,DE,VT 
IF(K)1,10,3 
NON-OSCILLATING DROP MODEL 
1 WRITE (3,204) 
WRITE (3,201) DE 
AAPD=O.O 
DO 2 J=1 ,5 












2 WRITE (3,203) TAU,CMT,AMT,HT 
WRITE (3,205) AAPD 
GO TO 5 
OSCILLATING DROP MODEL 
3 WRITE (3,204) 
WRITE (3,202) DE 
AAPD=O.O 






























READ (1,102) T,HT,CMT 











4 WRITE (3,203) TAU,CMT,AMT,HT 




100 FORMAT (6F10.6,F10.7) 
101 FORMAT (2I3,3F10.5) 
102 FORMAT (3F10.5) 
200 FORMAT (lHl) 
201 FORMAT (2X, 1EQUIVALENT DROP DIAMETER=• ,2X,Fl0.5, lOX, 1NON-OSCILLATI 
lNG DROP.//4X, •TAu· ,7x, ·cMT· ,7x, •AMT• ,4X, 1HT-CM'/13X, •(EXP) • ,4X, 
2 1 (~DEL)•) 
202 FORMAT (2X, 1EQUIVALENT DROP DIAMETER= 1,2X,Fl0.5,10X,•osciLLATING D 
1 ROP I I I 4X' I TAU I , 7X' I CMr I , 7X, I AMT I ,4X, I HT -CM' /l3X' I ( EXP) I ,4X' 
21 (MODEL) I) 
203 FORMAT (3Fl0 .6,F6.1) 
204 FORMAT (2X,.******************************************************. 
1**************1) 





EQUIVALENT DROP DIAMETER= 0;59000 OSCILLATING DROP 
TAU CMT AMT HT-CM 
(EXP) (flO DEL) 
0.000026 0.170000 0.097148 5.0 
0.000297 0.570000 0.561659 45.0 
0.000504 0.740000 0.727847 75.0 
0.000725 0.890000 0.831295 105.0 
0.001317 1.210000 0.950232 180.0 
AAPD= 14.80483 
******************************************************************** 
EQUIVALENT DROP DIAMETER= 0.46000 OSCILLATING DROP 
TAU CMT AMT HT-CM 
(EXP) (MODEL) 
0.000045 0.168000 0.125846 5.0 
0.000503 0.570000 0.658579 45.0 
0.000860 0.743000 0.818599 75.0 
0.001241 0.891000 0.904197 105.0 
0.002196 1. 201000 0.980724 180.0AAPD= 14.12583 
******************************************************************* 
EQUIVALENT DROP DIAMETER= 0.46000 NON-OSCILLATING DROP 
TAU CMT AMT HT-CM 
(EXP) (MODEL) 
0.000045 0.168000 0.037059 5.0 
0.000503 0.570000 0.170439 45.0 
0.000860 0.743000 0.234482 75.0 
0.001241 0.891000 0.289341 105.0 




EQUIVALENT DROP DIAMETER= 0.36000 NON-OSCILLATING DROP 
TAU CMf AMI" HT-CM 
(EXP) (MODEL) 
0.000079 0.278000 0.044478 5.0 
0.000935 0.955000 0. 208413 45.0 
0.001554 1.230000 0.279860 75.0 
0.002211 1 .467000 0.340710 105.0 
0.004120 2.003000 0.472885 180.0 
MPD= 78.51810 
******************************************************************** 
EQUIVALENT DROP DIAMETER= 0.33000 NON-OSCILLATING DROP 
TAU CMT AMI" HT-CM 
(EXP) (MODEL) 
0.000101 0.300000 0.048334 5.0 
0.001124 1.000000 0.216875 45.0 
0.001985 1.340000 0.301097 75.0 
0.002826 1. 600000 0.365802 105.0 
0.005157 2.160000 0.500029 180 .0 




SAMPLE CALCULATION OF MODEL 
The Skelland and Wellek (1964} correlation predicting the 
non-oscillating droplet Sherwood number (for non-reaction systems) 
is given by equation (3.6). The constants, physical properties, and 
data are taken from Appendix D. A sample calculation is given here 
for a droplet of diameter 0.36 em and a fall time of 5.30 seconds. 
Constants, physical properties, and data: 
~d = 0.008737 poises 
pd = 0.9964 gm/cc 
Pc = 0.8648 gm/cc 
cr = 31.0 dynes/em 
D = 9.5 x lo-6 sq em/sec a 
kf = 3.32 x lo-2 sec-1 
t = 5.30 sec 
a = 0.18 em 
de = 0.36 em 
vt = 11.56 em/sec 
The dimensionless time averaged Sherwood number (Eq. 3.6): 
where: 
-0.34 N-0.12 N0.37 
Nsh = 31.4 T Sc We 
D t a = 
T 7 
;:: (9. 5 x 1 o-6) (5.30) 
(0.18) 2 
;:I 
(5.04 X 10-6) 
(3. 24 x 1 o-2) 




= (8.737 X 1 o-
3} 









= 1. 34 
NSh = 31.4 (1.554 x l0-3)-0· 34 (925)-0.l 2(1.34)0.37 
= 31 . 4 ( 9. 0 5) ( 0. 44) ( 1. 111 ) 
= 139 
41 
The average dimensionless concentration without reaction, A0 , can be 
calculated (Eq. 3.8). 
42 
Ao = 1 - exp [ - ~ T NSh] 
;:: 1 [ 3 - exp - 2 (1. 554 x 1 o-3}( 139)] 
;:: 1 - exp(-0.324) 
= 1 - ( 0. 723) 
;:: 0.277 
The dimensionless flux without reaction, N0 , can be calculated (Eq. 
3.9): 
2 Ao 
No = -3 
T 
= 2 f0.277) 
31.554 X lQ-3) 
= 119 
The explicit form of the enhancement factor (Eq . 3.11): 
<J> = X/Tanh X 
~­where: X = 2 kR/N0 
k a2 f 
Da 
= (3 .32 X 10-2)(0 . 18) 2 
- 6) (9.5 X 10 
= 113.2 
X = 2 (11 3 • 2} ~/ ( 11 9 } 
= 0. 1782 
= (0.1782)/Tanh (0.1782) 
= (0. 1782)/(0 . 1763) 
= 1. 011 
The total mass transferred with chemical reaction can be found 
( Eq. 3. 12) : 
Pmt = <I> A 0 





EXPERIMENTAL DATA AND CONSTANTS OF ANDOE 
The physical constants, data variables and results of the 
experimental work performed by Andoe (1968) are presented . One note 
of difference is the dimensionless time reported. The values 
shown are those calculated by this work. The droplet radius used in 
(Eq. 3.1) was one half of the equivalent spherical diameter. Upon 
back calculation for droplet radius from the values of dimensionless 
time reported by Andoe, it was found not to be one half of the 
equivalent spherical diameter. The values obtained in this manner 
are not greatly different from exactly one half of the diameter 
(the greatest difference being 0.2%), but sufficient to cause some 




Dispersed Phase: (Water at 26°C} 
Viscosity of water at 26°C: 
~d = 0.8738 centipoises 
Density of water at 26°C: 
Pd = 0.9964 gm/cc 
Interfacial tension between 4.0N 2-chloro-2-methylpropane and 
water at 26°C: 
o = 31.0 dynes/em 
Rate constant for hydrolysis of 2-chloro-2-methylpropane in 
water at 26°C: 
kf = 0.332 sec-l 
Diffusion coefficient for diffusion of 2-chloro-2-
methylpropane in water at 26°C: 
Da = 9.5 x lo-6 sq em/sec 
Continuous Phase: (4.0N 2-chloro-2-methylpropane in benzene at 26°C) 
Viscosity of 4.0N 2-chloro-2-methylpropane in benzene at 26°C: 
~ = 0.5128 centipoises 
c 
Density of 4.0N 2-chloro-2-methylpropane in benzene at 26°C: 
p = 0.8648 gmjcc c 
46 
TABLE VI 
* SOLUTE TRANSPORT DATA (d =0.59 em) e 
t 7\mt 
-lsc Column T cmt Height 
sec X 103 em 
0 0 0 0 
0.24 0.026 0.20 + 0.04 0.17 5 
2.72 0.297 0.55 + 0.06 0.57 45 
4.62 0.504 0.73 + 0.06 0.74 75 
6.64 0.725 0.86 + 0.06 0. 89 105 
12 . 06 1. 317 1.25 + 0 .07 1.21 180 
ec = experimental data corrected for end effects 




SOLUTE TRANSPORT DATA (d =0 . 46 em) . e 
t T Amt 
-lsc Column cmt Height 
sec 3 X 10 . em 
0 0 0 0 
0.25 0.045 0. 23 + 0.04 0.168 5 
2.80 0.503 0.63 + 0.05 0.570 45 
4.79 0.860 0.89 + 0.10 0. 743 75 
6.91 1. 241 0.93 + 0.05 0.891 105 















0 0 0 
0.079 0. 26 + 0.06 0.278 
0.935 0.92 + 0.06 0.955 
1.554 1.42 + 0.25 1. 230 
2. 211 1.52 + 0.23 1.467 























0.101 0.22 + 0.04 
1. 124 1.01 + 0. 23 
1.985 1.59 + 0.44 
2.826 1.50 + 0.05 
5.157 2.09 + 0.25 
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MODEL IN ONE EQUATION FORM 
By carrying all of tne fundamental variables and fluid constants 
symbolically through a calculation, the model can be expressed for the: 
Non-oscillating Drop as: 
where: 
[ ( 2)0.66( D )0.12(d v2 I )0.37] xn = 1- exp -47.1 tD/a Pd aflld e tPc a 
and the Oscillating Drop as: 
where: 
